In this study, soldering is conducted between a chip and a CLCC-3 shell base with a sheet-like AuGa0.03 alloy solder as the encapsulating material. X-ray images of chip soldering samples, XRD diffraction analysis of the joints, SEM images reflecting the microstructures of the joints, and EDS of the cross sections of the chip soldering samples show that with gradually increasing soldering temperature, the phase composition is not affected, and all the joint structures are an Au + Si eutectic structure; the Au-Si eutectic reaction occurs during the soldering process. No deposition of meta-stable phases, such as Au7Si, Au5Si, or Au3S, is found. A soldering temperature of 420 °C can reduce the negative impacts of secondary cap welding soldering on the joint and improve the structure and mechanical properties of the joint.
Introduction
Along with the ongoing development of very large scale integration (VLSI) and miniaturized chip components, the encapsulation and assembly of circuits or systems has been used to realize high performance and the small form factor (SFF) in electronic components and systems [1] [2] [3] [4] . Furthermore, the reliability demands on electronic components in the rapidly developing aerospace and avionics industry are increasing. With this trend, hermetically welded seams have been widely used by the military for their high reliability [5, 6] .
Eutectic soldering is often used in the encapsulation process for its excellent wettability, flowability, processability, physical properties (thermal conductivity and electrical conductivity), chemical properties (anti-corrosion), and mechanical properties (strength, elongation, creep resistance, fatigue resistance, and structure stability) of the solder [7] [8] [9] . Gao [10] has used Ti6Al4V and Inconel 718 to solve welding problems, Oliveira [11] has used NiTi to solve weldability problems, and niobium has been used as an interlayer by Oliveira [12] to prevent the formation of brittle phases when joining NiTi to Ti6Al4V. Moreover, for a long period of time, more tin-lead eutectic and hypo-eutectic solders were used for encapsulation; however, lead is a toxic metal element in these solders that is hazardous to humans and the environment [13] [14] [15] [16] [17] .
To resolve this problem, gold-based solders [18, 19] are a good substitution for the encapsulation of semiconductor components. Gold-based solders have anti-corrosion and anti-oxidation properties and good fluidity, and are stable under high temperatures. Au-Ga alloy solder [20] is an emerging material in this field, with its higher melting point reducing the negative impact to secondary cap soldering of joints and improving the morphology and mechanical properties.
In this study, with the appropriate time, pressure, and solder-to-chip area ratio and at various soldering temperatures, a connection is made between a chip and a ceramic leaded chip carrier with 3 pins(CLCC-3) shell base [21] [22] [23] with an AuGa0.03 solder. In addition, analysis is performed on X-ray images, the microstructure, and the phase composition of the samples.
Experimental
Soldering was executed between a chip with dimensions 0.38 mm × 0.38 mm × 0.29 mm and a CLCC-3 shell base with an internal size of 1.78 mm × 1.27 mm × 0.51 mm by means of a sheet-like AuGa0.03 alloy solder for commercial use as an encapsulating material. For the welded encapsulation, a domestic deep cavity eutectic soldering station was utilized, where the shell base, solder, and chip were sequentially placed on the station for operation at the five different soldering temperatures, namely, 360 °C, 380 °C, 400 °C, 420 °C, and 440 °C. During the course of the soldering, the solder-to-chip area ratio, soldering time, and pressure were set as 1.2, 15 s, and 20 g, respectively.
The shear strength of the joint was tested by a shear force tester. An X-ray detection system was used to observe the macro-morphology of the samples. The phase composition of the joint was analyzed using XRD. A scanning electron microscope equipped with an energy-disperse spectrometer (EDS) attachment was used to study micro-morphology and element distributions of the samples.
Results
In this experiment, a domestic deep-cavity eutectic soldering table which was independently developed was adopted; it was equipped with a temperature control function (maximum working temperature 600 °C ± 0.5 °C), nitrogen and hydrogen gas protection function, ultrasonic function, and foot pressure function as shown in Figure 1 . A platinum-rhodium thermocouple with high stability was used to measure the temperature of the heating surface, and then the temperature was controlled by the deep-cavity eutectic soldering table. When the soldering temperatures were 360 °C, 380 °C, 400 °C, 420 °C, and 440 °C the maximum shear strengths of the chip soldering joints were 5.23 N, 7.52 N, 9.25 N, 11.23 N, and 6.71 N, respectively. When the soldering temperature increased gradually, the AuGa0.03 solder could be melted more thoroughly, and thus it was more helpful to wet and spread the solder over the surface of the chip to form a tight connection. Furthermore, the shear strength of the welded joint was increased as well. However, if the temperature was too high, the joint shear strength dropped dramatically, which was attributed to overburning. X-ray images of the chip soldering samples by different soldering temperatures are shown in Figure 2 and cross-section morphologies of the samples are shown in Figure 3 . Through Figure 2 and Figure 3 it can be understood that at the soldering temperature of 360 °C, the AuGa0.03 solder was not melted sufficiently due to the low temperature; in addition, the spreading of the solder over the surface of the chip was unsatisfactory, and holes appeared. When the temperature increased, the solder was melted more fully, causing better wetting of the surface to occur. The quality of the welded joint was fairly good, but the higher the temperature the more holes which were observed at the joint due to overburning.
Discussion
An Au-Si phase diagram is shown in Figure 4 [24] . It shows that that Au and Si are not mutually soluble and that no compound is generated. The eutectic temperature is 363 ± 2 °C and the eutectic point is 19.0 ± 0.5%. Au-Si is basically a combination of physics except for a few coherent grains. In the process of soldering, Au and Si diffused mutually at a high temperature, forming the soldering interface, and there is an obvious crystal orientation when Si is diffused into Au. XRD diffraction of the joints at different soldering temperatures is shown in Figure 5 . The analysis shows that the composition of the joint is primarily Au and Si and that the phase compositions of the joints at different temperatures are exactly the same; only the relative intensities of the diffraction peaks vary. No diffraction peaks from meta-stable phases such as Au7Si, Au5Si, and Au3Si are observed due to the relatively high soldering temperatures (all higher than the Au-Si eutectic temperature), and the meta-stable phase decomposition results in a primary phase of Au and Si which is favorable for stability and joint strength. The Au-Si eutectic reaction of Equation (1) [25] occurs mainly in the course of chip eutectic soldering.
L → Au + Si (1) Figure 5 . Patterns of joints at different soldering temperatures. Figure 6 shows SEM images reflecting the microstructures of joints at the various soldering temperatures. The joint close to the chip has an Au + Si eutectic structure, no compounds formed from other metals, and some holes distributed therein due to the large density difference between the Au-Si liquid phase (18.64 g/cm3) and Si (2.33 g/cm3). The volume consumed by the Si reaction cannot be compensated by the Au-Si eutectic liquid phase formed during the bonding process. On the other hand, there is a large volume shrinkage and high thermal stress in the Au-Si liquid phase. The figure shows that when the soldering temperatures are 360 °C and 380 °C, a number of large holes appear in the joint; most of the holes are approximately channel-type with a width of around 1 μm and a length of approximately 5~6 μm. These hole formations are due to the low temperature. The AuGa0.03 solder is not sufficiently melted at low temperature, and the poor wetting and spreading of the solder on the surface of the chip leads to insufficient density in the structure. When the soldering temperature is 400 °C the occurrence of channel cavities in the joint decreases. Because the soldering temperature has not reached the process temperature, there are occasionally some large holes; when the soldering temperature is 400 °C, small honeycomb holes are scattered mostly surrounding the joints, and, occasionally, some large holes are not present. The solders can be melted thoroughly and wet the chip well at this process temperature, and the joint structure is denser. However, when the temperature reaches 440 °C, the solder melts rapidly due to the relatively high temperature and cannot form a good and dense connection with the chip. The width of the soldering seam is small, and more large holes are visible. The cross sections of the chip samples soldered at the different temperatures were analyzed by energy-dispersive spectroscopy. The areas selected for line scanning and EDS spectral analysis are shown in Figure 7 , and reveal that during the soldering process, Au and Si diffuse at a high temperature to form a soldering interface. Diffusion soldering was conducted with the AuGa0.03 solder on the top layer of the silicon-based chip. The thickness of the inter diffusion is approximately 2 μm at low temperatures, whereas the thickness of the inter diffusion is approximately 4 μm at 440 °C. One or more peaks of silicon were found in the sample by this testing after the first low point reached by the Si diffused in the AuGa0.03 solder. These peaks were produced because in the joint there are several pits filled with Si powder from the preparation of the sample. The joint should be the eutectic of Au and Si and the AuGa0.03 solder contained in each sample was melted from a finished product of 50 μm to a thickness of approximately 20 μm, but Ga was not detected by EDS because the composition of Ga was extremely low. Through soldering, a eutectic reaction occurred between the gold protective layer over the surface of the base and the AuGa0.03 solder. According to the specific temperature parameters, 20 samples were taken for comparison, and the corresponding shear strengths of the corresponding chips are shown in Table 1 . .71 With the increase in soldering temperature, the AuGa0.03 solder melts more fully, spreads more easily on the chip surface, and then forms a close connection, and the shear strength of the welded joint also increases. However, when the temperature is too high, the shear strength of the joint drops sharply, which may be caused by overburning in the soldering process. When the soldering temperature is 400 °C the chip has the best welding strength and its maximum shear force can reach 10.12 N, and it can not only meet the internal structure requirements but also far exceed the shear strength standard of 2n under the chip area, which can meet the shear strength requirements of chip welding.
Conclusions
In this study, the results show that the shear strength of a joint can be influenced by the soldering temperature through affecting the microstructure of the joint. The phase composition is not affected by the change in the soldering temperature and all the joint structures are an Au+Si eutectic structure, while the Au-Si eutectic reaction occurs during the soldering process. No deposition of meta-stable phases, such as Au7Si, Au5Si, and Au3Si, etc., is found, and thus, it is helpful to the stability to enhance the joint strength. When the soldering temperature is increased gradually, the Au+Si eutectic structure gets denser and denser, and the original channel-type large holes in the structure are transformed into diffusely distributed honeycomb-like fine holes, which can improve the mechanical properties.
